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Glass Fiber Dissolution in Simulated Lung Fluid
and Measures Needed to Improve Consistency
and Correspondence to In Vivo Dissolution
Stephanie M. Mattson
Glass Research and Analytical Services, Owens-Corning Fiberglas, Granville, Ohio
The dissolution of a range of glass fibers including commercial glass and mineral wools has been studied using a modification of Gamble's solution
in a flow system at pH 7.4 and 37°C. Dissolution has been followed by weight loss, effluent analysis, and morphology change of fibers and bulk
glass. Flow per glass surface area can strongly affect both dissolution rate and morphology due to the effect of the dissolution process on the fluid.
Effluent pH is shown to be a guide for choice of optimum flow/area conditions. These conditions provide measurable concentrations of dissolved
glass in the effluent while maintaining their concentrations below the point at which they significantly affect the dissolution process. SiO2 and A1203
vary widely in the extent to which they are involved in the leaching process, which removes alkalis, alkaline earths, and B203. This makes analysis of
a single component in the effluent unsuitable as a means of comparing the dissolution rates of a wide range of compositions. - Environ Health
Perspect 102(Suppl 5):87-90 (1994)
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Introduction
A number of workers have measured the
dissolution rates ofvarious glass fibers under
in vitro conditions thought to simulate those
of a fiber in the extracellular space of the
lung (1-6). There is considerable variation
both in the magnitude ofthe measured rates
and in the relative ranking of the different
compositions in terms of rate. These studies
have used different modifications of
Gamble's solution passing around the fibers
at different flow rates and have used differ-
ent analytical methods to measure the disso-
lution. This article addresses the effect of
flow rate and analytical method on the mea-
sured dissolution rate. It shows that these
can be significant sources of error in dissolu-
tion measurements and suggests means to
eliminate such error by appropriate experi-
mental design. In addition, it presents disso-
lution data on a number of previously
unmeasured compositions and, from these
data, expands our understanding of the
compositional effects ofdissolution rate and
morphology.
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In Vivo Extracellular
Conditions
Gamble's solution generally is regarded as
an acceptable though approximate model
of lung fluid, but there has been no con-
sensus on flow rate. Kanapilly's review (7)
of the environment within the lung indi-
cates that simple soluble ions in the lung
fluid are exchanged rapidly with the blood
stream. This may not be the case for com-
plexes or species with limited solubilities.
Kanapilly's data, together with the low
fiber loading expected in the lung suggest
that in vivo dissolution occurs without sig-
nificant alteration of the fluid by the glass
dissolution products. An accurate in vitro
model of extracellular fiber dissolution
should therefore have flow rate sufficient to
eliminate such alteration.
The degree to which these conditions
model the extracellular lung environment
are best evaluated by comparison of disso-
lution rates and morphologies to in vivo
results, guided by an awareness that multi-
ple environments are present in animal
lungs. Such comparisons are in progress. In
vitro and in vivo dissolution rates are in
good agreement for several compositions
close to glasswool (6,8). In vivo studies of
slag- and rockwools are in progress at
Research and Consulting Company (RCC)
in Geneva, Switzerland.
Experimental Methods
The compositions and select properties of
the glass fibers used in this study are shown
in Table 1. Glasses are differentiated by
reference to the recognized compositional
ranges ofcommercial products (9). Sample
numbers with an "a" suffix are similar in
composition but prepared differently.
Samples tested as single fibers show the
range offiber diameter instead ofthe aver-
age diameter. To compare different glass
types and to minimize the effects ofdiffer-
ent dissolution mechanisms, the dissolu-
tion rate constants, k, in Table 1 were
calculated assuming leaching at a rate con-
trolled by the surface area of the unaltered
glass. Two dissolution constants are shown
for the slagwool fibers, differentiating dis-
solution of glass components such as SiO2
and A1203 that are part of the network
from leaching ofthe modifiers such as CaO
and MgO. Dissolution of the modifiers is
indicated by the time to completely leach a
1 pm fiber and the apparent dissolution
constant at this time. Samples of commer-
cial slag- and rockwool fibers were pro-
vided by U.S. Gypsum who crushed, sieved
and burned any oil off the raw products.
Two samples derived from a slagwool (No.
2a) and a rockwool (No. 6a) were size-sep-
arated by Schuller to a fraction having an
average diameter of about 1 pm. These
samples are similar to those used in the
RCC study in Geneva. Long, single fibers
ofsample 5a were pulled from an uncom-
pressed and unchopped mat of slagwool.
The remaining samples were produced as
continuous fibers with much narrower
diameter distributions (6). Samples 11 and
hla have compositions close to that
reported by Bayer as ATF 3101 microfiber.
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Table 1.Wt-% compositions and properties.
Diameter, Density, k, Modifierkt, t,
Sample SiO2 A1203 P205 CaO MgO Na2O K20 B203 Fe203a MnO TiO2 S SrO F2 Pm g/cm3 ng/cm2/hr ng/cm2/hr day
Slagwool
1 41.56 10.02 0.27 37.79 5.83 1.02 1.26 0.00 0.67 0.59 0.50 0.73 0.02 0.00 2.9± 2.4 2.85 63± 4b 260 23
la 42.03 10.00 0.27 37.80 5.83 1.02 1.26 0.00 0.70 0.59 0.50 0.00 0.00 0.00 13-65 2.86 500 12
2 38.11 10.97 0.01 37.86 10.41 0.40 0.47 0.00 0.37 0.68 0.45 0.50 0.01 0.00 3.8± 3.4 2.85 142± 9b 870 6.9
2a 38.40 10.55 0.00 37.35 10.00 0.37 0.44 0.00 0.30 0.70 0.44 1.39c 0.05 0.00 1.3± 0.8 2.85 133± 37b 1240 4.8
3 40.66 8.29 0.59 38.10 9.02 0.54 0.75 0.00 1.11 0.29 0.35 0.61 0.01 0.00 4.5± 3.2 2.85 757± 64 4990 1.2
4 44.13 8.80 0.01 35.94 8.22 0.27 0.45 0.00 0.37 0.79 0.38 0.80 0.01 0.00 3.8± 3.7 2.85 109± 4b 400 15
5 45.24 7.24 0.56 37.03 7.56 0.16 0.49 0.00 0.62 0.36 0.41 0.60 0.03 0.00 5.2± 2.9 2.85 128± 13b 300 20
5a 46.90 6.77 0.32 36.20 6.56 0.14 0.45 0.00 0.70 0.32 1.11 0.62 0.00 0.00 7-60 2.85 460± 200d
Rockwool
6 45.66 13.49 0.25 17.16 9.29 2.58 1.25 0.00 6.89 0.14 3.06 0.31 0.04 0.00 4.8± 3.2 2.85 20± 25 NA NA
6a 46.2 13.00 0.24 16.90 9.25 2.64 1.25 0.00 7.00 0.16 2.95 0.23c 0.07 0.00 1.3±0.8 2.85 14± 1 NA NA
7 47.37 13.09 0.05 16.33 9.29 2.05 0.69 0.00 8.46 0.19 1.35 0.08 0.02 0.00 5.6± 3.0 2.85 30± 33 NA NA
Glasswool
8 62.15 3.94 0.00 7.93 3.51 14.67 0.77 6.73 0.17 0.00 0.02 0.00 0.08 0.00 9.0±0.2 2.51 116±2 NA NA
Other NA NA
9 60.06 2.54 0.00 27.40 10.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 15-26 2.73 174 40 NA NA
10 60.20 0.06 0.00 24.80 8.10 6.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 25-40 2.69 2200± 260 NA NA
11 61.07 0.00 0.00 16.52 3.20 15.42 0.40 3.18 0.20 0.00 0.00 0.00 0.00 0.00 9.3± 0.9 2.62 5500±120 NA NA
lla 61.00 0.15 0.00 16.50 3.20 15.40 0.05 3.30 0.12 0.00 0.14 0.25c 0.00 0.00 7.9±2.0 2.62
12 47.88 3.11 0.00 6.44 2.60 19.94 0.00 18.77 0.00 0.00 0.00 0.00 0.00 2.94 7.8±0.2 2.53 50000± 5000 NA NA
a b d Total iron. Networkspecies dissolution.cS03' Notcontrolled by diffusion. NA, notapplicable, congruent dissolution.
The compositions given in Table 1 are ana-
lyzed compositions or, for the continuous
fibers, batched compositions modified by
expected losses in boron and fluorine dur-
ing melting.
The experimental techniques and ana-
lytical methods are based on the work
described by Potter and Mattson (6).
Solution flow rate to initial fiber surface
area ratios were varied with glass composi-
tion. Chopped continuous fibers and the
crushed and size-separated mineral wool
samples were tested with the flow/area ratio
varying from 0.06 to 145 ml /m2/min. The
acceptability ofa flow/area ratio for a given
sample was tested by monitoring the efflu-
ent pH. The largest pH changes were
observed within a few hours and were lim-
ited to no larger than 0.2 units (0.3 for the
crushed mineral wool samples). The pH
was limited to within 0.1 units ofan empty
cell after 24 hr. Arrays ofapproximately 3
cm long sections of fiber were run in the
same flow-through system. The primary
change in the dissolution fluid replaced
sodium azide with 2000 ppm formalde-
hyde. Fe203, TiO2, and MnO were
included among analyzed solution compo-
nents for the crushed mineral wool sam-
ples. Fe203 dissolves at the level of SiO2
and Al203- TiO2 was not detectable. Data
collection times were adjusted to ensure
coverage of dissolution before the fibers
were completely leached. Dissolution con-
stants in ng/cm2 hr were evaluated from
weight loss or solution analysis for the fiber
mats and from diameter changes for the
single fiber arrays.
Effect of Solution Flow Rate
on Fiber Dissolution
In general, a dissolving glass can have two
effects on the dissolution fluid if the flow
rate is sufficiendy low: First, dissolution of
alkalis and alkaline earths in the glass con-
sumes hydrogen ions in solution. If this
exceeds the buffer capacity ofthe solution, it
will raise the pH. Compositions near glass-
wool dissolve faster when the solution is
buffered to pH 8.5 versus 7.5 (6). Second,
dissolution product concentrations in solu-
tion may approach saturation values, slow-
ing the dissolution or changing its nature.
These influences lead to variable and
unpredictable changes in dissolution rate
and/or morphology with flow rate (10).
The dissolution rate can increase or
decrease by small amounts for most glass
wool compositions and can decrease by
large amounts for some rapidly dissolving
glasses. Changes in dissolution mechanism
have been observed with small changes in
pH. Influences such as these can be large
enough to change the relative ranking of a
suite ofglasses in terms ofdissolution rate.
Although most previous dissolution studies
have guarded against large changes in pH
and a close approach to saturation, it has
not been recognized previously how sensi-
tive glass dissolution can be to small
changes in these solution properties.
Figure 1 shows an example ofthe effect
offlowper fiber surface area on the dissolu-
tion rate constant and on the maximum
pH developed during the dissolution
process. The data are for two glasses close
to the Bayer glass which are among the
most sensitive to solution conditions. With
increasing flow/area the maximum pH
decreases sharply. The dissolution rate
increases sharply, approaching a limiting
value near 30 ml /m2/min, which is within
experimental error the same as the value at
near infinite dilution from the single-fiber
tests. At the 30 ml /m2/min point the pH
change is about 0.2. The trends shown in
Figure 1 represent many glasses with large
sensitivity of the dissolution process to
fluid characteristics. A pH change of 0.2
generally indicates the point at which the
limiting value of the dissolution rate has
been reached. This point represents the
optimum conditions for experimental
measurement of the dissolution rate. The
dissolution products are in as high a con-
centration as possible (to allow measure-
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Figure 1.The effectofflow/area ratios fora rapidlydissolv-
ingglass. Dissolution rateofsamples 11 (A)and 1la(V)and
maximum deviation from virgin solution pH (a) are shown.
The pointat10,000ml/m2min isasinglefibertest.
ment).without significant effect on the dis-
solution process.
It is not practical to generate data analo-
gous to that for Figure 1 for every glass
composition measured, but an empirical
relationship has been developed that allows
the optimum flow/area to be estimated
from an initial estimate of the dissolution
rate. Figure 2 shows the results ofpH mea-
surement for a wide variety of glass- and
mineral wool fibers at different flow/area
conditions. Each test is considered accept-
able if the pH rise is less than 0.2 (0.3 for
select mineral wool samples), borderline if
near 0.2, and unacceptable if significantly
higher. Rapidly dissolving glasses near glass-
wool define a trend which can be used to
infer optimum flow/area conditions for
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Figure2. Results ofpH monitoring fora range ofglasses.
Mineral wool compositions (0) and glasses close to
glasswool (O) are plotted using their dissolution con-
stants obtained under minimal solution perturbation.
Open symbols represent tests with less than 0.2 unit(0.3
for crushed mineral wool) increase in solution pH and
indicative of near infinite dilution. Closed symbols have a
larger increase in pH and half-filled symbols are very near
0.2 unitincreases.
other similar compositions. Mineral wools
require significantly higher flow/area to
meet this condition. Single fiber tests oftwo
slagwool samples (la and 5a) confirm that
these predicted conditions do produce lim-
iting dissolution rate constants. There are
some limitations to this method for deter-
mining optimum dissolution conditions. As
shown for glasswools and mineral wools,
each general compositional system may
have its own relationship between dissolu-
tion rate and optimum flow/area. For sys-
tems such as refractory ceramic fiber with
little alkali or alkaline earth content, efflu-
ent pH may not be a useful indicator at all.
Other indicators of near infinite dilu-
tion conditions include consistency of dis-
solution morphology within a sample and
between samples tested under different
conditions. For example, samples 9 and 10
were tested at near infinite dilution in sin-
gle-fiber tests and as blocks ofglass exposed
to flow/area conditions appropriate for
glasses with moderate dissolution rate con-
stants. The glasses did not exhibit any
leached material in the single-fiber tests,
but thick leached layers partially topped by
a Ca-rich material were evident on the
blocks. Constancy of dissolution rate far
from saturation may be the primary indica-
tion of near infinite dissolution conditions
for some compositions.
Analytical Methods
Given the correct flow/area conditions,
there remains some question of what ana-
lytical methods should be used to measure
dissolution rate. Most commonly, weight
loss, effluent analysis, and diameter mea-
surements are used alone or in combina-
tion. Mattson (10) has shown that these
three methods can yield equivalent values
ofthe dissolution rate constant for a range
of fiber compositions under conditions of
near infinite dilution. It is clear that the
three should be used together when possi-
ble since they provide complementary
information as well as a check on accuracy.
Effluent analysis is a particularly useful
measure since it identifies the behavior of
individual components. But because these
components can behave differently in dif-
ferent glasses, a single component, such as
silica, cannot be used as a general measure
of the dissolution rates of a variety of
glasses. This point is illustrated in Figure 3,
which shows for three glasses the effluent
concentrations ofselected oxides as a func-
tion of dissolution time. So that the data
can be compared directly, the concentra-
tions have been normalized to standard
laboratory conditions (flow rate and initial
surface area) and to their initial concentra-
tions in the glasses. Silica participates to
varying degrees in the leaching ofthe glass
and the dissolution ofthe residual material.
In compositions near glasswool, dissolution
is close to congruent, and silica correlates
to oxides traditionally identified as
removed by leaching. In slagwool silica and
alumina dissolve in a separate process from
that of the alkaline earth oxides. In rock-
wool, dissolution is closest to congruent.
The absence of leached layers on low alu-
mina slagwools (not shown) indicates that
they dissolve congruently.
Dissolution Mechanism
Traditional ideas of glass dissolution at
near neutral pH involve leaching of alkali
oxides governed by diffusion through the
leached layer and much slower dissolution
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Figure 3. Temporal variation of normalized glass compo-
nent concentrations. Concentrations of SiO2 (0), A1203(V)
CaO (a), MgO (V), and B203 for glasswool and MnO for
mineral wool (0)were normalized as indicated inthe text.
Samplekey: glasswool =8,slagwool =2a, rockwool =6a.
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Figure 4. Evaluation of diffusion effects for slagwools. The
thickness of leached layers (L) and decreases in glass
radius(U)are shownforsamplesA, 1; B,3; C, 5.
ofthe leached material. In the present and
previous work (6) dissolution characteris-
tics differ significantly from this.
Compositions near glasswool have shown
much more extensive dissolution of silica,
leaching rates dependent on the surface
area ofunaltered glass with no dependence
on leached layer thickness, and variable
rates of dissolution of the leached layer
with cases approaching congruent dissolu-
tion. Slagwools show the greatest deviation
from congruent dissolution. They also are
characterized by the highest level of modi-
fier components (alkali and alkaline
earths), which are known to reduce the
degree ofpolymerization of the silica net-
work in the glass. A lower degree ofpoly-
merization may cause greater permeability
of the glass to leaching of the modifier
cations. The congruency of the rockwool
dissolution was noted previously (2) and
is consistent with data for other glasses
with high alumina and a moderate level
ofmodifier components.
Since slagwools dissolve in a manner
closest to that thought traditional for
glasses, the possibility ofdiffusion control
in their dissolution was investigated for
three samples: two in single fiber tests, in
which both leaching rate and dissolution
of the leached layer can be measured; one
as a crushed sample, in which only the
leached layer thickness can be measured.
The results for these experiments are
summarized in Figure 4. For diffusion
control with no dissolution ofthe leached
layer, the leached layer thickness and the
change in radius of the unaltered glass
should be identical and should show a
linear dependence against square root of
time. Dissolution of the leached layer
would cause the leached layer thickness to
be increasingly less than the change in
radius of the unaltered glass and would
lead to some distortion from linearity for
both curves. Dissolution data for sample
la (Figure 4A) are consistent with diffu-
sion control with some dissolution of the
leached layer. Sample 3 (Figure 4B) has
intermediate behavior. Diffusion control
can be ruled out for sample 5a (Figure
4C), for which the leached layer shows an
approximately constant thickness with
time.
The data in Figure 4 suggest that alu-
minum has a stabilizing influence on the
leached layer. Aluminum content of the
slagwool samples in Figure 4 decreases
from top to bottom. Leached layer stabil-
ity clearly increases in the same order.
This effect is substantiated by the absence
of any leached material on the low alu-
mina experimental slag compositions
(Table 1, samples 9 and 10).
Dissolution Rate
The rate data in Table 1 show that the
basic character of the influence of each
glass component established previously
(6) is the same over a wide compositional
range. Alumina and titanium oxide
strongly decrease dissolution rate.
Modifiers such as the oxides of calcium,
magnesium and sodium increase dissolu-
tion rate by a roughly equal, moderate
degree. Silica has a small negative effect.
The influence of iron depends on its oxi-
dation state and cannot be determined
from the available data. Slagwools as a
group dissolve more quickly than rock-
wools. Commercial glasswools dissolve at
rates varying from a factor of two greater
than rockwools to within the range of
slagwools.
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